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A Thermal Origin

Suppose DM was in thermal equilibrium with SM
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Thermal equilibrium will cease when
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After this point, DM is “frozen out”
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Thermal origin is a broad paradigm  
Suggests non-gravitational interactions between DM and SM
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Status of  Dark Matter Searches
10 Direct Detection Program Roadmap 39

1 10 100 1000 104
10!50
10!49
10!48
10!47
10!46
10!45
10!44
10!43
10!42
10!41
10!40
10!39

10!14
10!13
10!12
10!11
10!10
10!9
10!8
10!7
10!6
10!5
10!4
10!3

WIMP Mass !GeV"c2#

W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n
!cm2 #

W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n
!pb#

7Be
Neutrinos

  NEUTRINO C OHER ENT SCATTERING 
 

 
 

 

  
 

NEUTRINO COHERENT SCATTERING
(Green&ovals)&Asymmetric&DM&&
(Violet&oval)&Magne7c&DM&
(Blue&oval)&Extra&dimensions&&
(Red&circle)&SUSY&MSSM&
&&&&&MSSM:&Pure&Higgsino&&
&&&&&MSSM:&A&funnel&
&&&&&MSSM:&BinoEstop&coannihila7on&
&&&&&MSSM:&BinoEsquark&coannihila7on&
&

8B
Neutrinos

Atmospheric and DSNB Neutrinos

CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT
(2012)

CDMS Si
(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2012)COUPP (2012)

SuperCDMS Soudan Low Threshold
SuperCDMS Soudan CDMS-lite

XENON 10 S2 (2013)
CDMS-II Ge Low Threshold (2011)

SuperCDMS Soudan

Xenon1T

LZ

LUX

DarkSide G2

DarkSide 50

DEAP3600

PICO250-CF3I

PICO
250-C3F8

SNOLAB

SuperCDMS

Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013
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Thermal DM

Could DM be lighter than conventional WIMPs?

Imagine DM’s mass is 10 MeV
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Thermal DM

Could DM be lighter than conventional WIMPs?
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Two Simple Possibilities

DMPrimarily looked for DM charged under known forces Z,W
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DM

What about the other possibility? 
DM charged under new force DM

New force

Z,WPrimarily looked for DM charged under known forces

Two Simple Possibilities
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A thermal origin gives us a restricted sharp target to aim for

MeV GeV MZ 10 TeV

A Thermal Origin

Light DM necessarily requires a new force!
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A Broader Hidden Sector Paradigm

Beyond the SM physics that lives in a “dark sector”

SM Dark Sector

Mediator

What are the “simplest” (renormalizable) allowed interactions  
between the SM and the DS?

A new force/interaction connects the SM to a Dark Sector (DS)
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The Most Minimal Interactions 

✏⌫Lh 

✏h|h|2|�|2

✏Y B
µ⌫F 0

µ⌫Vector Portal (spin 1)

Scalar Portal (spin 0)

Fermion Portal (spin 1/2)
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Matter Residing in the Dark Sector

m1 < m2

Suppose DS matter is fermionic (lesson applicable to spin 0)

Majorana-like matterDirac-like matter

�2 is unstable

A0

  �1 �2

A0

DSSM
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The Vector Portal

L = LSM � 1

4
F 0µ⌫F 0

µ⌫ � 

2
F 0µ⌫Bµ⌫ +
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2
m2

A0A0µA0
µ

The massive phase

Distinct phases of  the theory 
Each with difference phenomenology consequences

m0
A 6= 0

SM fermions acquire a small charge 
under a short-range force 

mediated by the “dark photon”!

QD ⇡  cos ✓W e

f

A0

�

While dark fermions remain neutral under EM
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Summary of  Dark Sector Workshop from April 2016

Two main approaches to look for light DM 
Accelerators and Direct Detection

Some overlap between the two

�

e�

Each has their own strengths too

A0

e�

�

Ultralight DM at direct detection Majorana DM at accelerators
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Direct Detection

DM mass

1 GeV1 MeV1 keV

Noble liquids [e-]Superconductors [e-]

Superfluid Helium [N]

~eV energy 
resolution

~keV energy 
resolution

~meV energy 
resolution

SuperCDMS, DAMIC, … XENON10/100/1T/nT, LUX, LZ, …
Semiconductors [e-]

Scintillators [e-] 2D graphene [e-]

Chemical-bond breaking [N]

PTOLEMY

FIG. 11: Materials that could be used to probe sub-GeV DM, down to keV masses, by scattering o↵

electrons [e�] or nuclei [N ]. Certain DM candidates, which can instead be absorbed by bound electrons in

these materials, could be probed down to meV masses (not shown). Adapted from [173].

• Signal discrimination & Background model : Since discovery is the primary goal of any
direct detection experiment (as opposed to setting new limits), it is essential to be able
to distinguish real DM scattering events from backgrounds. This may be on an event-by-
event basis (such as in many of the existing nuclear-recoil DM searches) or on a statistical
basis over many events (for example by annual modulation or directional sensitivity).

• Improved material fabrication: Some new ideas require specific target materials with,
for example, unprecedented levels of purity or structural coherence. This may require
advances in the technology for fabricating these materials.

D. Overview of Strategies and Target Materials

While searching for (elastic) nuclear recoils rapidly loses sensitivity for DM below a few
GeV, a fruitful strategy is to search for DM scattering o↵ bound electrons (instead of a
nucleus) [40]. This allows all of the available DM kinetic energy to be transferred, so that
for a bound electron with a binding energy �E

B

, one can in principle probe masses of

m
�

& 250 keV ⇥ �E
B

1 eV
. (18)

The signal depends on the material, but consists of one or more electrons (possibly am-
plified by an electric field) in noble liquids [40, 158], semiconductors [40, 134, 175, 176],
superconductors [171, 177], graphene [178], or one or more photons in scintillators [40, 179].

Another strategy to probe below the GeV-scale is to search for DM scattering o↵ nuclei
using inelastic processes. The breaking of chemical bonds in molecules or crystals could
produce measurable signals for few-MeV DM masses [40, 138], while multi-phonon processes
in superfluid helium or insulating crystals could provide sensitivity to keV DM masses [172].
Photon emission in the nuclear recoil could also probe below the GeV-scale [180].

The strategy to search for recoiling electrons has been proven to probe DM as light as a
few MeV in existing two-phase xenon-based time projection chambers (TPC) (XENON10

40

To date: re-analysis of  old data by DAMIC and Xenon10



Direct Detection

� �� ��� ��� ���
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��

�χ [���]

σ
�
[�
�
� ]

�� �/ ����� ��� � ������� � ��-����
�����

����

����

�������
��

�������

������-���� ������
���� �������

����� (���� ↑)

���
���
����
��
��������
��
�� ������������
�� ������������
��������� ��

���=�
��� = � �χ

��-���-���-� ��� ��� ��� ��� ��� ��� ��� ���
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��

�χ [���]

σ
�
[�
�
� ]

�� �/ ���������� ��� � ������� � ��-����

��
��
��
�

��
��
��
-�
�

��
���
�� �
�

���

��

��

��

���∝�/��

���
���
��������
����
��
��
�� �����
�� �����

FIG. 13: DM scattering rates in various materials, overlaid on the parameter space for DM, �, interacting

with a dark photon, A0. Solid (dashed) colored curves show cross section needed for DM scattering o↵

electrons (nuclei) to produce 3 events, assuming an exposure of 1 kg-year (superconductors, known to

have a large optical response for a dark-photon mediator, are not included [171]). The magenta shaded

region shows a constraint on DM-electron scattering from [158], using XENON10 data [174]. Left: Here

mA0 = 3m�, so FDM = 1, see Eq. (17). Complex scalar DM obtains the observed DM relic density along the

thick blue line (“Freeze-out, scalar”). For a Dirac fermion as DM, the abundance is determined by an initial

asymmetry; the region above the thick green line is allowed (“CMB, fermion”). An elastically decoupling

relic (ELDER) lies along the thick orange line [139], while a SIMP lies above it [131, 132]. Shaded gray

regions show bounds from beam-dump, collider, and direct-detection searches for elastic nuclear recoils (see

also Sec. IV). Right: Here mA0 ⌧ few keV (the precise value is irrelevant), so FDM / 1/q2, see Eq. (17).

Freeze-in produces the correct DM abundance along the thick blue curve. Shaded gray regions show bounds

from direct-detection searches for elastic nuclear recoils, as well as stellar and BBN constraints.

in the outer shell of a xenon atom has �E
B

⇠ O(12.1 eV), so it can be ionized by DM
with m

�

& a few MeV. With large E-fields, these ionized electrons are drifted through
the liquid xenon and extracted into xenon gas, where the larger electron drift velocity
means that a measurable number of scintillation photons are produced via scattering o↵
xenon-gas atoms (“S2” signal). By searching for this S2 signal world-leading sensitivity to
DM down to a few MeV masses is obtained [158] using published XENON10 data [174].

The dominant background for these searches was not the expected radiogenic electron
recoils in the outermost shielding layer of xenon but rather a spurious electron dark count
rate. A significant but not complete fraction of this rate has been determined to be due
to ionized electrons, originally created by highly ionizing background events outside of
the DM scattering region of interest, that become trapped at the liquid-gas interface and
are released spontaneously at a later time. R&D into minimizing this source is ongoing in
all xenon TPC collaborations. For example, LZ is attempting to increase the extraction
electric field at the liquid-gas interface to improve the electron transport e�ciency from
the ⇠65% found in LUX [182] to 97.5%. Such e↵orts, however, may increase dark leakage

42
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Direct Detection
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FIG. 3: Constraints (shaded regions) and prospective sensitivities (solid colored lines) for axion-like particle (ALP) dark
matter (left) and dark-photon (A0) dark matter (right), assuming that the ALP/A0 constitutes all the dark matter. Colored
regions show constraints from XENON10, XENON100, and CDMSlite, as derived in this work. Shaded bands around XENON10
and XENON100 limits show how the bound varies when changing the modeling of the secondary ionization in xenon. Deep- and
light-purple solid lines show projected 90% C.L. sensitivities for SuperCDMS SNOLAB HV using either Ge (20 kg-years)
or Si (10 kg-years) targets, respectively. Yellow, orange, and green solid lines show projected sensitivities for hypothetical
experiments with the scintillating targets CsI, NaI, and GaAs, assuming an exposure of 10 kg-years. All projections assume a
realistic background model discussed in the text, but zero dark counts to achieve sensitivity to low-energy electron recoils. In-
medium e↵ects are included for all A0 constraints and projections. Colored dotted lines extend these projections down to the
respective band gaps, but a lack of suitable data in this energy range makes a reliable projection impossible. Shaded gray regions
show known constraints from anomalous cooling of the Sun, red giant stars (RG), white dwarf stars (WD), and/or horizontal branch
stars (HB), which are independent of the ALP or A0 relic density. Also shown (left) are the combined bounds from XENON100 [21],
EDELWEISS [20], CDMS [19], and CoGeNT [18]; and (right) a bound derived in [34] based on XENON100 data from 2014 [21].
Shaded orange region in left plot is consistent with an ALP possibly explaining the white dwarf luminosity function.

– Silicon: Silicon does not have the same low-energy x-
ray lines produced by cosmogenic activation. However,
32Si is a relatively large contaminant and a low-energy
�-emitter. Together with tritium, this produces a flat
background at energies .10 keV, which we take to be
350 events/keVee/kg/year based on preliminary esti-
mates by the SuperCDMS collaboration [67]. We take
�
t

= 10 eV, although the precise value is again only
important just above the band gap. See Table I for
the values of "

e

, E
g

, and �
ee

(1 keV) for silicon.1

• Scintillators (NaI, CsI, and GaAs): We show pro-
jections for hypothetical future experiments using scin-
tillating targets with sensitivity down to one or more
photons. Such experiments have been argued also to
have great potential to sub-GeV DM scattering o↵ elec-
trons [45]. We make projections for three scintillating
targets, sodium iodide, cesium iodide, and gallium ar-

1 Future versions of the DAMIC experiments [41, 68], using so-called
“Skipper CCDs”, could allow them to reduce their threshold to
near the band gap of silicon [69]. The expected exposure is about
100 gram-years, less than the expected SuperCDMS exposure for
silicon. Our projections for SuperCDMS can be rescaled easily to
get projections for DAMIC.

senide, although other possibilities exist [45]. We assume
a flat �-decay background of 350 events/keVee/kg/year
as for the silicon projection above. We do not consider
any x-ray lines activated by cosmogenics. We ignore the
�
t

term in Eq. (16), and use the values listed in Table I
(see also [45]).

RESULTS

Existing constraints and projected sensitivities are
shown for ALP (A0) DM on the left (right) of Fig. 3.
For ALPs, we see that the newly derived direct detection
bounds from XENON100 and CDMSlite partially improve
on published bounds from CoGeNT, CDMS, XENON100,
EDELWEISS, and KIMS [18–22]. However, we see that
these are weaker than stellar cooling bounds [34, 60, 70–74].
Prospective searches, especially SuperCDMS SNOLAB HV
with germanium, could improve by a factor of a few beyond
the stellar cooling constraints. Intriguingly, this includes
probing part of the region consistent with a possible hint
for anomalous energy loss in white dwarf stars [70, 74–76].

For A0 DM, we have derived several constraints that go
beyond the constraints from the anomalous energy loss
in the Sun, horizontal-branch (HB) stars, and red-giant
stars [34] (see also [58, 60, 72]). First, we have up-

Absorption (1608.02123)



Accelerators

New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter

Eder Izaguirre, Gordan Krnjaic, Philip Schuster, and Natalia Toro
Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada

(Dated: November 19, 2013)

In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)

µ

discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

The best constraints on multi-GeV dark matter inter-
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ShieldingDetector

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.

.

A0a)

Z

e�

e�

�

�

p, n

b)

A0

Z

� �

FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the � has a thermal-relic annihilation cross-section
for mA0 = 3m� assuming the aggressive value ↵D = 1; for
smaller ↵D and/or larger mA0/m� hierarchy the curve moves
upward. Below this line, � is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g � 2)e [23, 24], and (g � 2)µ [25]. If m0

A � m�, there are
additional constraints from on-shell A0 production in associ-
ation with SM final states from BaBar [22, 24], BES (J/ )
[26], E787 (K+) [27], and E949 (K+) [28].

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-

1

a)
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FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the � has a thermal-relic annihilation cross-section
for mA0 = 3m� assuming the aggressive value ↵D = 1; for
smaller ↵D and/or larger mA0/m� hierarchy the curve moves
upward. Below this line, � is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g � 2)e [23, 24], and (g � 2)µ [25]. If m0

A � m�, there are
additional constraints from on-shell A0 production in associ-
ation with SM final states from BaBar [22, 24], BES (J/ )
[26], E787 (K+) [27], and E949 (K+) [28].

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-
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FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.
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FIG. 5: Schematic of the dual purpose LBNF beam-line that can simultaneously produce both a charged

and neutral beam. The charged beam decays into neutrinos while the neutral beam can couple to LDM.

Experiment Class Production Modes Detection

B-factory e+e� ! �A0 missing mass
Electron fixed-target e�Z ! e�ZA0 DM scatter or missing energy/mass

Hadron collider pp ! (jet/�)A0 missing energy
Positron fixed-target e+e� ! �A0 missing mass
Proton fixed-target ⇡0/⌘/⌘0 ! �A0, qq̄ ! A0, pZ ! pZA0 DM scatter downstream

TABLE II: Catalogue of complementary experimental strategies to search for light DM.

• T2K at J-PARC: 30 GeV protons. The near and far detectors are two degrees
o↵-axis, and the timing structure of the bunches in each spill can be used to cleanly
separate beam-related backgrounds at the far-detector, Super-Kamiokande, a 50 kilo-
ton water Cerenkov detector 295 km from the target. The production modes are as
for MiniBooNE, but the high degree of background reduction can compensate for the
reduced angular acceptance in utilizing the far detector. Initial analysis will focus
on de-excitation gammas from the neutral current quasielastic (NCQE) interaction
on oxygen (see [106] for related studies of neutrino scattering), again testing the un-
derlying �N ! �N process. The final dataset is expected to be 7.8 ⇥ 1021 POT by
2021.

• SBN at FNAL: 8 GeV BNB protons. Three Liquid Argon TPC detectors (LArTPC),
112 ton, 89 ton, and 476 ton fiducial mass situated 110 m, 470 m, and 600 m respec-
tively downstream. Production and detection channels as in MiniBooNE. Current
plan to collect 6 ⇥ 1020 POT, beginning in 2018, in on-target mode. Can be config-
ured to collect 2⇥ 1020 POT in beam-dump mode after on-target run, with expected
sensitivity an order of magnitude better than MiniBooNE. Upgrades to BNB in 2016
will enable simultaneous on/o↵-target running. Significantly improved sensitivity can
be achieved with reduction in neutrino background rates by replacing neutrino horn
with an iron target.

• Near Detector at FNAL’s LBNF/DUNE: 120 GeV Protons. 1 MW beam power.
Fig. 5 shows the kind of dual purpose facility that can be built for the LBNF neu-
trino source. A dipole magnet is used to sweep the charge particles, that decay into
neutrinos, into a di↵erent direction while the neutral beam particles that can couple
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FIG. 10: Combined projections and constraints from Figs. 6 and 7, encapsulating direct production LDM

constraints in the context of a kinetically mixed dark photon coupled to an LDM state that scatters elastically

(or nearly elastically) at beam-dump, missing energy, and missing momentum experiments. As in Figs. 6

and 7, here we adopt the conservative prescription mA0 = 3m� and g� = 0.5 where applicable (see [111] for

a discussion).

experiments, in turn, scale as ✏4↵
D

, where ↵
D

⌘ g

2
D
4⇡

. Thus, within the vector portal, where
the A0 couples to all charged SM-fermions democratically, experiments like NA64 and LDMX
have the potential to probe the most parameter space for DM and mediator masses below a
GeV. However, one must think more generally than about just kinetic mixing. For instance,
there are models where the mediator couples preferentially to protons [103, 107, 120], a
possibility best tested with future proton beam-dump experiments. Similarly, models where
the DM is part of a sector where there are heavier but very short-lived (on collider scales)
excited states — such as the Majorana-like DM scenario with very large mass splittings — are
a potential blind spot of experiments like NA64 and LDMX, but a strength of experiments
like BDX, or of any of the future proton beam-dump experiments [121]. Finally, for DM and
mediator masses above a GeV, Belle-II and the LHC will have stronger sensitivity. Thus, to
achieve maximum coverage of the best motivated theoretical benchmarks, a combination of
these techniques is required.
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